ABSTRACT Purified neurotoxin II of the scorpion Androctonus australis Hector (ScTx) has previously been shown to bind specifically to the Na+-ionophore-associated, voltage-sensitive, receptor sites of excitable cells. We have conducted binding studies, using high-specific-activity '5I-labeled ScTx, to detect and quantify the Na+-channel receptors on cells of the developing fetal mouse brain. In vivo, the onset of detectable specific binding is at 12 fetal days. The major common feature of neurons is their capacity to generate and propagate action potentials in response to chemical or electrical stimulation of their membrane. This response depends on the presence of specific ionic permeabilities as part of the signal transduction mechanisms in biological membranes. The voltage-sensitive sodium channel, a quasi-ubiquitous constituent of excitable cells, has been shown by electrophysiological techniques and by measurement of ionic fluxes (1, 2) to possess at least three functionally distinct components that bear binding sites for neurotoxins (3); these sites can be monitored by the use of labeled neurotoxins that bind with high affinity and modify the channel function in a specific way (4). The developmental timetable of appearance and the evolution pattern, during mammalian central nervous system ontogenesis, of these neurotoxin receptors and of their associated functions are as yet unknown. Several electrophysiological studies of fetal cells in culture (5-12), although performed at relatively late stages, have shown that cultured cells often develop in vitro as they do in vivo. Electrophysiological analysis of cells at early developmental stages is, however, hampered by their notoriously small size, great fragility, and ambiguous morphological differentiation (13). The probing of developing ion channels by specific binding and flux studies seems thus an approach of choice.
The major common feature of neurons is their capacity to generate and propagate action potentials in response to chemical or electrical stimulation of their membrane. This response depends on the presence of specific ionic permeabilities as part of the signal transduction mechanisms in biological membranes. The voltage-sensitive sodium channel, a quasi-ubiquitous constituent of excitable cells, has been shown by electrophysiological techniques and by measurement of ionic fluxes (1, 2) to possess at least three functionally distinct components that bear binding sites for neurotoxins (3) ; these sites can be monitored by the use of labeled neurotoxins that bind with high affinity and modify the channel function in a specific way (4) . The developmental timetable of appearance and the evolution pattern, during mammalian central nervous system ontogenesis, of these neurotoxin receptors and of their associated functions are as yet unknown. Several electrophysiological studies of fetal cells in culture (5) (6) (7) (8) (9) (10) (11) (12) , although performed at relatively late stages, have shown that cultured cells often develop in vitro as they do in vivo. Electrophysiological analysis of cells at early developmental stages is, however, hampered by their notoriously small size, great fragility, and ambiguous morphological differentiation (13) . The probing of developing ion channels by specific binding and flux studies seems thus an approach of choice.
Neurotoxins purified from the venoms of African scorpions are small basic proteins (14) that modify the action potential of nerve (4, 15) . They have been shown to bind specifically to excitable cultured neuroblastoma cells (16, 17) , to rat brain synaptosomes (18, 19) and to cultured fetal chicken cardiac muscle (20) in a membrane-potential-dependent fashion (4) . Toxin binding is correlated with modification of the action potential response (21, 22) and with ionic flux changes (16, 20, 23) , all of which can be explained by the blocking or considerable slowdown of the Na'-channel inactivation mechanism. Thus, study of the appearance and evolution of scorpion toxin (ScTx) receptor sites during central nervous system ontogenesis can provide information on the evolution of the more complex structure that is the Na' channel.
In the work reported here, the quantitative evolution of ScTx receptor sites was explored by binding assays, on cells of fetal mouse brains, as a function of age in vivo or time in vitro.
EXPERIMENTAL PROCEDURES Materials. The ScTx used was toxin II from the venom of Androctonus australis Hector purified according to Miranda et aL (24) . 125I-AaHII ("2I-labeled ScTx) was prepared by the lactoperoxidase method as described (25) , with a specific activity of 700-1000 Ci/mmol (1 Ci = 3.7 x 10'°becquerels). Bovine serum albumin (fraction V), Hepes, polyornithine, polylysine, and lactoperoxidase were from Sigma. Cytosine arabinoside was from Calbiochem; the chemicals for buffer solutions were from Merck and carrier-free '25I (13) (14) (15) (16) (17) Ci/mg) was from Amersham.
Cell culture medium and serum were from GIBCO, and culture plates were from Falcon or Corning. Mice were random-bred Swiss, supplied by Iffa-Credo, Fresnes, France; they were mated overnight, and the postmating day was counted as fetal day 1. Cell Suspensions. Pregnant mice were sacrificed by cervical dislocation, the embryos were removed aseptically and rapidly decapitated, and the brains were dissected out into Hepes (10 mM) buffered Eagle's minimal essential medium. Cell dissociation was done without the use of enzymes or chelating agents. The meninges were carefully removed, and the whole brains were rinsed 2-3 times with Ca2`-, Mg2+-free phosphate-buffered saline containing glucose (5 mg/ml) and incubated in this solution at 4°C for 60-90 min. At the end of incubation, the buffer was replaced by one containing 1% fetal calf serum or bovine serum albumin at 1 mg/ml. The dissociation was by gentle mechanical disruption of cell-cell contacts by passing the tissue several times through flame-polished pasteur pipettes of decreasing bore. The (26, 27 (Fig. 3) . The estimated mean number of receptor sites per 9-day cultured cell is close to that of 19-day fetal brain TBC; i.e., 35 ,000 + 10,000. The Scatchard plot of specific binding (Fig. 3E) shows the involvement of a single class of receptor sites with a dissociation constant of 0.5 nM.
Experiments on binding displacement (competition) of the iodinated toxin by increasing concentrations of native ScTx show that the Kd is =0.2 nM (Fig. 3D); i.e., very close to the Kd for "2I-labeled ScTx in cultured cells (Fig. 3A) as well as to that determined for freshly dissociated fetal brain cells (see Table 1 ). (Fig. 3C) DISCUSSION We have demonstrated the presence and studied the quantitative evolution of ScTx binding sites in cells derived from normal fetal mouse brains, developing in vivo or grown in vitro. These sites, which are a known component of the action-potential Na' channels, become specifically detectable on the 12th day of gestation. This signifies that the potential-dependent Na' channel, or at least a part of its structure, is expressed on the surface membrane of cells at this stage area; (iv) the distribution of the receptors; and last but not least (v) the correlation between ScTx binding and the presence of active Na' channels.
Several lines of evidence support the hypothesis that the cells bearing high-affinity ScTx receptors are most likely neuroblasts or neurons. First, glia in enucleated optic tracts of Necturus sp. are reported to lack saxitoxin receptors and do not show electrophysiological responses characteristic of the type of Na' channels found in excitable cells (33) . Our data show that there are no specific high-affinity ScTx binding sites in cultures of central nervous system glia without neurons, in which we identified the three principal nonneuronal cell types of nervous tissue; i.e., astrocytes, oligodendrocytes, and ependymal cells. On the other hand, whenever we observed saturable high-affinity ScTx binding onto central nervous system-derived cells, phenotypically neuronal TBC were present. These findings are compatible with the view that the cells binding either marker may belong to the same subpopulation of brain cells. Second, previous studies of neuronal cells have shown identities in ScTx concentration dependence between the saturable high-affinity ScTx-binding component and the activation of 'Na' influx in the presence of veratridine (34) or the enhancement of electrophysiological response of neuroblastoma cells (22) . Third, other recent reports have suggested the presence of "Na' channels" on unexcitable cells, such as glial and fibroblastic cell lines (35, 36) . These reports, however, do not yet offer evidence permitting one to consider the implication of the action potential channels that bind ScTx with high affinity. Our studies on different cell lines and primary cultures (neurons, glia, fibroblasts, or myogenic cells) showed that only neuronal cells bind ScTx specifically in the nanomolar range.
In interpreting the observed increase in ScTx-receptor abundance, it is necessary to recall that in vivo the mean size of cells does not change during the fetal period considered. Therefore, it seems probable that the sharp increase in ScTx-binding that occurs during the later stages of prenatal development corresponds to a neuronal maturation-related increase in receptor density per cell and per surface area unit. This phase is characterized by a progressive accumulation of postmitotic neuroblasts and neurons (26, 27) and, in our data, by a slower increase in percentage TBC. The higher ScTx-receptor density noted may thus be an interesting indication of a qualitative change in the functioning of neurons and correspond to a phase when many start emitting action potentials. Indeed, the ScTx-receptor density we determined on brain cells at 16 fetal days or later is very close to, or higher than, the estimated density of Na' channels on excitable nonmyelinated nerves (ref. 37 and references therein) or on mouse neuroblastoma cells (4) . As far as the early stages in vivo are concerned, a period during which extensive division of neuronal precursors occurs (26, 27) , other explanations of the data may apply. One may assume that all the ScTx binding cells possess relatively low numbers of binding sites or, alternatively, that there is a small population (<1.0%) of cells with numerous receptors possibly involved in the early, spontaneous neuronal activity (38) . Considering both the heterogeneity of the cell population with respect to the area of origin in the central nervous system and the known asynchrony in the evolution pattern of the different areas (26, 27) , a coexistence of both situations is the most probable. In vitro, cell division has been blocked by cytosine arabinoside. Therefore, the increase with time in ScTx binding per culture undoubtedly reflects the maturation of cells present in the initial population. The process of neurite sprouting and elongation precedes by No data are yet available on the cell surface distribution of ScTx receptors. Direct answers to this, as well as to other questions, will have to await studies on cells from discrete areas of the central nervous system, using cell separation techniques and methods that permit direct visualization of ScTx binding sites. The recently developed photoactivatable toxin derivatives (39) offer hope for the ultimate-purification of membrane components bearing the voltage-sensitive ScTx receptors.
The problem of a correlation between ligand binding and biological activity is not straightforward, especially at early developmental stages. It has recently been reported (40) that scorpion venom-sensitive sodium fluxes are present in cells of fetal chicken brain. However, in these experiments high concentrations of crude scorpion venom were used, and the results are difficult to.interpret. It still remains to be determined whether the appearance of high-affinity receptor sites for ScTx is coupled, or at least temporally correlated, with the expression of functional Na' channels. The maturation of cells in the in vitro culture system described offers the possibility of exploring, under controlled and experimentally variable conditions, the regulatory events involved in the expression of the different Na'-channel components for which ligands are available. Our data suggest that the high-affinity ScTx receptors may represent quantitative markers of neuronal differentiation and that ScTx is a potentially valuable tool for dissecting the development of the nervous system.
